Bacterial meningitis infection is a leading global health concern for which rapid and accurate diagnosis is essential to reduce associated morbidity and mortality. Loop-mediated isothermal amplification (LAMP) offers an effective low-cost diagnostic approach; however, multiplex LAMP is difficult to achieve, limiting its application. We have developed novel real-time multiplex LAMP technology, TEC-LAMP, using Tth endonuclease IV and a unique LAMP primer/probe. This study evaluates the analytical specificity, limit of detection (LOD) and clinical application of an internally controlled multiplex TEC-LAMP assay for detection of leading bacterial meningitis pathogens: Streptococcus pneumoniae, Neisseria meningitidis and Haemophilus influenzae. Analytical specificities were established by testing 168 bacterial strains, and LODs were determined using Probit analysis. The TEC-LAMP assay was 100% specific, with LODs for S. pneumoniae, N. meningitidis and H. influenzae of 39.5, 17.3 and 25.9 genome copies per reaction, respectively. Clinical performance was evaluated by testing 65 archived PCR-positive samples. Compared to singleplex real-time PCR, the multiplex TEC-LAMP assay demonstrated diagnostic sensitivity and specificity of 92.3% and 100%, respectively. This is the first report of a single-tube internally controlled multiplex LAMP assay for bacterial meningitis pathogen detection, and the first report of Tth endonuclease IV incorporation into nucleic acid amplification diagnostic technology.
Introduction
Bacterial meningitis infection is caused by the hematogenous spread of human commensal bacteria to the central nervous system, resulting in inflammation of the meninges. Infection typically presents with the rapid onset of features including fever, headache, photophobia, nausea, vomiting and neck stiffness [1] . The approximate annual incident rate of bacterial meningitis infection varies, 1-2 cases per 100,000 people with a 25% mortality rate in developed countries, or 1000 cases per 100,000 people with a 50% mortality rate in disease-burdened developing regions [2] . If left untreated, abasic sites present in dsDNA, and a novel TEC primer/probe, with standard LAMP assay conditions. The TEC primer/probe, a modified LAMP forward inner primer incorporating an abasic site flanked by a 5 fluorophore and an internal thymine coordinated quencher (Table 1) , acts as both a real-time monitoring probe and a standard LAMP inner primer. The TEC-LAMP mechanism, outlined in Figure 1 , enables real-time monitoring and quantification, simultaneous detection of multiple targets and incorporation of internal amplification control (IAC) validation. We have successfully demonstrated the internally controlled multiplex TEC-LAMP detection of S. pneumoniae, N. meningitidis and H. influenzae, and further evaluated this assay in terms of analytical specificity, limit of detection (LOD) and clinical performance. The complementary sections of this newly formed inner primer linked ssDNA hybridize, forming loop structures. The abasic site of the TEC primer/probe is now in dsDNA form, and thus, cleaved by the Tth endonuclease IV enzyme. TEC primer/probe, inner and outer primers hybridize upstream of the stem loop structures. (E): Inner primer strand displacement extension forms dsDNA and displaces the downstream stem loop structures, fully dissociating the TEC primer/probe fluorophore and quencher, producing fluorescence. Outer primer strand displacement extension displaces the newly formed dsDNA, producing inner primer linked ssDNA. (F) The complementary sections at each end of the newly formed inner primer linked ssDNA hybridize and form loop structures. These double looped DNA templates are targeted by the TEC primer/probe, inner and loop primers, leading to rapid self-primed exponential amplification with increased cleavage and fluorescence events.
Results

Demonstration of Internally Controlled Multiplex TEC-LAMP Detection
The TEC-LAMP assay successfully demonstrated the internally controlled multiplex detection of 100 genome copies of all three bacterial targets, S. pneumoniae, N. meningitidis and H. influenzae, in the presence of 50 copies IAC template (Figure 2A-C, blue) . In this reaction, the IAC template was not detected during the simultaneous co-amplification of the three bacterial targets ( Figure 2D , blue). The control reactions performed successfully, with TEC-LAMP detection of 50 copies IAC template in the absence of bacterial template observed ( Figure 2D , red) and no amplification observed in the no template control (NTC) reaction (Figure 2A-D, black) . 
Analytical Specificity and Limit of Detection
The TEC-LAMP assay demonstrated 100% analytical specificity. All inclusivity panel strains were detected in their respective detection channels, S. pneumoniae (FAM), N. meningitidis (Cy5) and H. influenzae (HEX), with none of the exclusivity panel strains detected (Supplemental Table S1 ). The IAC performed successfully during exclusivity panel testing as it was detected in all events of no bacterial target amplification (Supplemental Table S1 ). The TEC-LAMP assay LOD, for the separate detection of S. pneumoniae, N. meningitidis or H. influenzae in the presence of 50 copies IAC template, was confirmed with 95% probability using Probit analysis to be 39.5, 17.3 and 25.9 genome copies per reaction, respectively (Supplemental Table S2 ). The IAC performed successfully during Probit analysis testing as it was detected in all reactions.
Clinical Evaluation
The IMSRL PCR-positive clinical samples that tested positive with the TEC-LAMP assay, were only identified in corresponding detection channels (Supplemental Table S3 ). Thus, samples positive for a single species were considered negative control samples for the remaining two species. In total, 60/65 positive samples ( 
Analytical Specificity and Limit of Detection
Clinical Evaluation
The IMSRL PCR-positive clinical samples that tested positive with the TEC-LAMP assay, were only identified in corresponding detection channels (Supplemental Table S3 ). Thus, samples positive for a single species were considered negative control samples for the remaining two species. In total, 60/65 positive samples (22/23 S. pneumoniae, 22/22 N. meningitidis and 16/20 H. influenzae), and 0/130 negative samples (0/42 S. pneumoniae, 0/43 N. meningitidis and 0/45 H. influenzae), were successfully identified as such. The 5 IMSRL PCR-positive samples not detected by the TEC-LAMP assay, were subsequently re-confirmed as positive using "in-house" real-time PCR assays, producing similar high Ct-values (>35 Ct) to that of the IMSRL PCR Ct-values. Thus, compared to the IMSRL PCR results, the overall diagnostic sensitivity and specificity of the multiplex TEC-LAMP assay was 92.3% and 100%, respectively. The diagnostic sensitivities for each pathogen were 95.7% (S. pneumoniae), 100% (N. meningitidis), and 80% (H. Influenzae). The IAC performed successfully during clinical sample testing as it was detected in all events of no bacterial target amplification (Supplemental Table S3 ).
Discussion
Bacterial meningitis infection is responsible for significant global morbidity and mortality [1] . Rapid and accurate detection of bacterial meningitis pathogens is essential for effective treatment and lowering associated disease burden [9] . This study has evaluated the analytical specificity, limit of detection (LOD) and clinical application of a novel internally controlled multiplex TEC-LAMP assay for the detection of leading bacterial meningitis pathogens: S. pneumoniae, N. meningitidis and H. influenzae.
Analytical specificity of the TEC-LAMP assay was established to be 100%, as all bacterial strains tested were correctly identified in appropriate detection channels (Supplemental Table S1 ). This confirmed the utility of SPNA45_01710 and NMO_1242 genes as effective targets for S. pneumoniae and N. meningitidis, respectively. Various biomarkers for S. pneumoniae (ply, lytA and Spn9802) and N. meningitidis (ctrA, sodC and siaD) have been used for PCR and LAMP assay development [6, 15, 18, 19, [28] [29] [30] [31] ; however, many of these targets have been identified as inefficient [28, 29, 32] . We propose that the SPNA45_01710 gene, and the sequence between bases 450-1800 of the NMO_1242 gene, are potential novel regions-of-interest for the identification of S. pneumoniae and N. meningitidis, respectively.
The TEC-LAMP assay LOD, established using Probit analysis (Supplemental Table S2 ), for S. pneumoniae, N. meningitidis or H. influenzae in the presence of 50 copies IAC template, was determined to be 39.5, 17.3 and 26.5 genome copies per reaction, respectively. Previously reported multiplex PCR assays and singleplex LAMP assays, for S. pneumoniae, N. meningitidis and H. influenzae identification, have shown similar analytical sensitivities of 3-60 and 10-100 genome copies per reaction, respectively [15, 18, 19, [28] [29] [30] [31] 33] . Also, the analytical sensitivity of the TEC-LAMP assay is within range of typical target pathogen loads in bacterial meningitis CSF specimens, the standard sample type for bacterial meningitis diagnosis [15] .
Clinical application of the TEC-LAMP assay was evaluated by testing 65 anonymized residual samples that had previously tested PCR-positive for either S. pneumoniae, N. meningitidis or H. influenzae (Supplemental Table S3 ). The diagnostic sensitivity and specificity of the TEC-LAMP assay, defined as the proportion of confirmed-positive and confirmed-negative clinical samples correctly identified as such, was established to be 92.3% and 100%, respectively. Positive results were detected at an approximate average of 20 cycles (Supplemental Table S3 ) indicating an approximate average time-to-positivity of 20 min per sample. Considering the IMSRL PCR evaluation cycling parameters, 1 cycle of 95 • C for 20 s followed by 45 cycles of 95 • C for 3 s and 60 • C for 20 s, the resulting TEC-LAMP clinical sample time-to-positivity values were significantly faster than the IMSRL PCR results. As rapid bacterial meningitis diagnosis is essential for improved treatment and public health response [9] , TEC-LAMP's faster time-to-detection results compared to real-time PCR highlight its diagnostic utility, especially for disease burdened low resource areas. Clinical performance comparison of the TEC-LAMP assay to the IMSRL PCR assays was chosen as previous studies have identified that comparing nucleic acid diagnostics to less sensitive culture methods can be problematic [11, 29] . Successful detection, using "in-house" PCR assays, of the 5 IMSRL PCR-positive samples that were not detected using TEC-LAMP, was possibly due to improved analytical sensitivity of the single-target PCR assays compared to the internally controlled multiple-target TEC-LAMP assay.
This study utilized clinical isolates/samples, from culture or PCR confirmed cases of bacterial meningitis infection, collected by the GUH and IMSRL during routine diagnostic services and in accordance with respective ethical review committee approved protocols. Anonymized residual specimens positive for S. pneumoniae, N. meningitidis or H. influenzae were supplied for TEC-LAMP assay evaluation, and analysis for human DNA was not carried out. Considering this, the Ethics Committee of the National University of Ireland, Galway deemed that ethical approval for the evaluation of these samples was not required.
IAC incorporation into nucleic acid diagnostic assays provides validation by ensuring negative results are due to target absence and not assay performance [27] . The TEC-LAMP detection of IAC template in all events of no bacterial target amplification (Figure 2D , red; Supplemental Tables S1 and  S3) , successfully validated test results in this study. The events of no IAC detection during specificity testing, clinical testing and the demonstration of multiplex TEC-LAMP detection ( Figure 2D , blue), were due to inhibition from amplification of bacterial targets. However, IAC performance guidelines for nucleic acid diagnostics only requires IAC detection in the event of respective targets not being detected [27] .
The multiplex capability of TEC-LAMP to simultaneously detect multiple bacterial meningitis pathogens is essential as approximately 1% of all cases are a result of co-infection, such as S. pneumoniae with N. meningitidis or S. pneumoniae with H. influenzae [11] . The TEC-LAMP assay successfully demonstrated the simultaneous detection of all three bacterial pathogens in the presence of 50 copies IAC template (Figure 2A-C, blue) . In this reaction, the IAC was not detected ( Figure 2D , blue) due to inhibition from co-amplification of the three bacterial targets. However, this is the result of the IAC template being present at a low copy number (50 copies), and the IAC TEC-LAMP oligonucleotides being present at lower concentrations relative to the bacterial target TEC-LAMP oligonucleotides, to favor bacterial target detection. Both control reactions in this experiment performed successfully. The IAC template was detected in the absence of bacterial targets ( Figure 2D , red) indicating a successful uninhibited reaction. Also, the no template control (NTC) reaction, incorporating molecular grade water in place of bacterial or IAC templates, performed successfully (Figure 2A -D, black) as no amplification was observed. This result demonstrated that the TEC-LAMP assay does not produce false positive results via oligonucleotide cross-reactivity in the absence of bacterial or IAC templates.
Performance or cost limitations of existing bacterial meningitis diagnostic methods has created demand for a rapid, sensitive, specific, low-cost, multiplex molecular diagnostic technology. To address this demand, multiplex LAMP methodologies have been reported; however, all approaches to date possess various limitations. Restriction enzyme gel electrophoresis [34] , lateral flow biosensors [35] and pyrosequencing methods [36] have been used to demonstrate multiplex LAMP technology. These approaches however require laborious, contamination-prone, post-amplification analysis, preventing real-time quantifiable detection [37] . Multiplex LAMP based on antibody-antigen interactions has also been developed using immuno-chromatographic strips [38] . This approach however is difficult for non-culturable organisms and dependent on unique pathogen surface antigens. Turbidity monitoring [39] to achieve multiplex LAMP has also been reported; however, this approach has poor reproducibility and requires extensive design optimization to achieve differentiable time-to-positivity values.
Various closed-system multiplex LAMP methodologies have been reported. Tanner and colleagues developed a detection of amplification by release of quenching (DARQ) LAMP technology utilizing strand displacement of a quencher labeled inner primer hybridized to a shorter fluorophore labeled oligonucleotide [40] . This technology however inhibits the standard LAMP reaction, and is associated with non-template amplification and reduced time-to-positivity in multiplex format, major drawbacks for point-of-care (POC) or clinical applications. DARQ LAMP is also identical to a previously reported duplex LAMP method using "assimilating probe" technology [41] . This method however reported poor analytical sensitivity in both singleplex and duplex formats. QUASR LAMP [24, 25] is a multiplex LAMP technology with the converse labeling arrangement of DARQ LAMP, utilizing displacement of a fluorophore labeled inner primer hybridized to a shorter quencher labeled oligonucleotide. The fluorophore labeled inner primer is incorporated into the LAMP product and excess quencher labeled oligonucleotide suppresses any fluorescence from unincorporated inner primer. However, QUASR LAMP is limited to end-point detection and has only demonstrated duplex LAMP reactions.
Also, due to the requirement of "excess" quencher labeled oligonucleotide, significantly increased oligonucleotide is required for each target compared to standard LAMP, thus increasing the possibility of non-specific detection. Wang and colleagues reported MERT-LAMP, a multiplex technology using Nb.BsrDI endonuclease and an inner primer containing the Nb.BsrDI restriction site, flanked by a fluorophore and quencher [42] . This method however possesses a design limitation requiring the Nb.BsrDI restriction site to be absent from the diagnostic target to prevent unspecific cleavage disrupting the LAMP cycle. Also, addition of this restriction site sequence onto the inner primer significantly affects standard LAMP assay design, as well as Tm and G/C content values, increasing potential for inhibitory secondary structure formation.
Recently, Dou and colleagues detailed two separate multiplex LAMP methods for the detection of S. pneumoniae, N. meningitidis and H. influenzae through the use of polymer/paper hybrid biochips/spinchips [23, 43] . These methods however do not enable real-time detection, require expensive fluorescence microscopy to detect low-level target concentrations and do not enable internal control incorporation directly into the LAMP reaction chambers. Also, the NTC reactions reported by Dou and colleagues did not incorporate the LAMP primers present in the target reactions, presenting possible issues with reproducing effective signal differentiation between target and NTC reactions.
The only TEC-LAMP design limitation is requirement of a thymine residue, for quencher placement, to be in close proximity to the 5 fluorophore for sufficient quenching. This limitation however, can be overcome by coordinating the quencher to the adjacent sugar-phosphate primer backbone, instead of the thymine residue. TEC-LAMP does not create any additional design considerations to the standard LAMP method. Also, TEC-LAMP modifications cause minimal inhibition to the standard LAMP reaction (Supplemental Figure S1 ) indicating that incorporation of Tth endonuclease IV and the TEC primer/probe does not interfere with typical LAMP conditions. This also establishes that the cleaved 5 end of the TEC primer/probe can still hybridize to its complement ( Figure 1F ), maintaining loop structure formation capabilities after cleavage and confirming primer/probe properties. The multiplex TEC-LAMP method uses biased non-equimolar primer set concentrations, providing simplified assay optimization through varying the TEC-LAMP oligonucleotide mix volumes added to the final reaction. Optimization of these primer set mix volumes involves initially testing all sets at the same volume and subsequently adjusting these volumes based on assay performance, increased volumes for sub-optimal performing primer sets and decreased volumes for optimal performing primer sets. Relative inner, outer and loop primer concentration ratios remain constant between primer sets, with a 50/50 ratio between the TEC primer/probe and forward inner primer. We observed that this 50/50 TEC primer/probe and forward inner primer ratio produced optimal results, while also reducing costs of using the more expensive TEC primer/probe as the only forward inner primer component. TEC-LAMP was evaluated on real-time PCR instrumentation; however this technology is compatible with cheaper multi-channel thermostatic fluorometers such as the Genie III ® (OptiGene Ltd., Horsham, UK) or Twista ® (TwistDx Ltd., Cambridge, UK). TEC-LAMP can also be applied to existing POC technology [21] [22] [23] [24] [25] , such as simple heating devices combined with basic fluorescent detection methods.
The TEC-LAMP assay introduced in this study is the first report of a single-tube internally controlled multiplex LAMP assay with clinically relevant analytical sensitivity, and the first clinical evaluation of such technology applied to leading bacterial meningitis causative pathogens: S. pneumoniae, N. meningitidis and H. influenzae. This is also the first report of Tth endonuclease IV incorporation into nucleic acid amplification diagnostic technology. The TEC-LAMP methodology detailed is this study contributes to the current state-of-the-art in nucleic acid amplification diagnostics, providing novel transferable technology for infectious disease POC testing in low-resource disease-burdened areas.
Materials and Methods
Bacterial Strains, DNA Isolation and Quantification
A total of 168 bacterial reference strains and clinical isolates were evaluated in this study (Supplemental Table S1 ). Clinical isolates were collected from culture-confirmed cases of bloodstream infection as part of routine diagnostic service at Galway University Hospital (GUH). All strains, stored at −80 • C, were cultured in brain heart infusion (BHI) media (Oxoid, Hampshire, UK) and incubated at 37 • C for 18 h, under microaerophilic conditions, excluding Haemophilus strains which were cultured using Haemophilus test media (Oxoid). Genomic DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) and quantified using the Qubit dsDNA broad range/high sensitivity assay kits and Qubit 2.0 fluorometer (Life Technologies, Warrington, UK), according to manufacturer's instructions. Resulting DNA concentrations were converted to genome copy values using genome size standards of 2.1 Mb, 2.2 Mb and 1.83 Mb for S. pneumoniae, N. meningitidis and H. influenzae, respectively.
Diagnostic Targets and TEC-LAMP Oligonucleotides
SPNA45_01710, a chromosomal heparinise III-like protein gene (position 1743404 to -1743847 of accession number HE983624.1), and NMO_1242, a chromosomal cytolysin secretion ABC transporter gene (position 1295659 to 1297887 of accession number AM889136.1), were identified as novel diagnostic targets for S. pneumoniae and N. meningitidis, respectively. Alignment analysis of whole genome sequences retrieved from the National Center for Biotechnology Information (NCBI) database identified these biomarkers as highly conserved orthologous regions. The pstA gene was previously identified as an effective diagnostic target for H. influenzae [32] , and the IAC template was a 500 bp random DNA gBlocks ® Gene Fragment (Supplemental Table S4 ) purchased from Integrated DNA Technologies (Leuven, Belgium). These targets were used to design TEC-LAMP oligonucleotides (Table 1) 
Analytical Specificity and Limit of Detection
The analytical specificity of the TEC-LAMP assay was established by testing purified genomic DNA from a panel of bacterial strains (Supplemental Table S1 ) at 10 5 genome copy concentrations. The TEC-LAMP assay limit of detection (LOD) for S. pneumoniae, N. meningitidis or H. influenzae, in the presence of 50 copies IAC template, was established with 95% probability using Probit regression analysis. Type strain purified genomic DNA for each pathogen was tested using 6 replicates of 128, 64, 32, 16, 8 and 4 genome copy concentrations. Probit analysis was performed on the resulting data (Supplemental Table S2 ) using Minitab 17 (MiniTab, State College, PA, USA).
Clinical Evaluation
TEC-LAMP clinical performance was evaluated by testing archived genomic DNA from PCR-confirmed cases of invasive pneumococcal, meningococcal and Haemophilus infection. All samples evaluated were supplied by the Irish Meningitis and Sepsis Reference Laboratory (IMSRL), Dublin, Ireland. The IMSRL extracted genomic DNA from anonymized residual clinical specimens, followed by real-time PCR analysis for S. pneumoniae, N. meningitidis and H. influenzae, as part of routine diagnostic service. IMSRL DNA extractions were carried out in 210 µL volumes using a QIAsymphony SP/AS instrument with QIAamp DSP DNA Blood Mini Kits (Qiagen), as per manufacturer instructions, for automated extractions in 50 µL elution volumes. IMSRL PCR assays (Supplemental Table S5 ) were performed using standard reaction conditions targeting the S. pneumoniae lytA, N. meningitidis ctrA and H. influenzae fucK genes, testing 2.5 µL of each sample. A total of 65 samples including 34 blood, 5 blood culture, 17 CSF, 5 pleural fluid, 1 knee fluid and 3 other body fluids, were supplied with corresponding real-time PCR Ct-values (Supplemental Table S3 ). For comparative purposes, the diagnostic sensitivity and specificity of the TEC-LAMP assay was also determined by testing 2.5 µL of each of sample. Any samples not detected using the TEC-LAMP assay were re-tested with "in-house" singleplex real-time PCR assays (Supplemental Table S6 ) using standard reaction conditions, targeting the S. pneumoniae lepA, N. meningitidis NMO_1242 and H. influenzae pstA genes. 
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